The rotation scheme over the four-year study comprised rapeseed, wheat, peas and rye. Rapeseed, peas and, in part, rye grew under well-watered conditions whereas wheat was dominated by drought. Input data for the LUE model were the fraction of PAR absorbed (FPAR) 8-d products supplied by MODIS (FPAR MODIS ), in situ photosynthetic active radiation (PAR) measurements and a scalar f varying between 0 and 1, to take into account the reduction of the maximum PAR conversion efficiency (ε 0LUE ) under limiting environmental conditions. In this study, f values were assumed to be dependent on air temperature (T) and the evaporative fraction which was considered a proxy of water availability. ε 0LUE , a key parameter in LUE models, which varied according to land use, was derived through the results of a linear regression fit between observed GPP and concurrent G APAR estimates defined as the product of PAR, FPAR MODIS and f. Overall, the LUE model provided satisfactory results, R 2 = 86.3%, significantly improving GPP MODIS estimates (GPP MODIS ), R 2 = 71.8%. GPP MODIS uncertainties have primarily been attributed to differences in the f stress factor involved in its formulation (f MODIS ) depending on vapour pressure deficit and T which did not fully describe the environmental stress conditions at the measuring site.
Introduction
Atmospheric CO 2 concentrations, the major greenhouse contributor, increased from the pre-industrial value, 278 ppm, to 398.6 ppm in 2014, the longest temporal series recorded in Mauna Loa (http://www.cmdl.noaa.gov) showing a steadily increasing trend. In this context, predicting gross primary production (GPP), the total amount of CO 2 assimilated by plants, and net ecosystem exchange (NEE), the total amount of CO 2 exchanged between the are another driver involved in observed inter-annual variations (Pei et al., 2013) .
GPP is indirectly derived by eddy covariance (EC) flux towers as the difference between NEE, and total ecosystem respiration (TER) during daylight. NEE is measured directly and TER may be parameterized using NEE nocturnal data on soil and/or air temperature. The increasing number of covariance flux towers in different biomes around the world has provided insights into significant NEE and consequently GPP geographical variability (Baldocchi et al., 2001; Baldocchi, 2008; Lafont et al., 2002; Reichstein et al., 2007; Running et al., 1999) . Among existing predictive methods, light use efficiency models (LUE) are considered a robust tool since they describe GPP spatial and temporal variation. These models are based on the original concept of Monteith (Monteith, 1977) who suggested that GPP or net primary productivity (NPP) of wellwatered crops was linearly related to the amount of photosynthetic radiation absorbed by vegetation (APAR), the product of PAR and the fraction of PAR absorbed (FPAR). A PAR conversion efficiency factor, ε, translates APAR into GPP or NPP carbon units. FPAR can be measured directly or retrieved by remote sensing. The increasing number of orbiting satellites able to supply land vegetation products offers a powerful tool to estimate GPP at a global scale. Among these satellites, EOS MODIS (Moderate Resolution Imaging Spectroradiometer) from NOAA directly computes FPAR (FPAR MODIS ) with a typical spatial resolution of 1 km × 1 km, thus affording an excellent opportunity to derive GPP and calibrate the results obtained in a specific geographical biome using ground measurements. The MODIS satellite also retrieves GPP 8-d composites thereby providing an additional advantage to inter-compare and validate these results with those derived from ground measurements (Fensholt et al., 2006; Gebremichael and Barros, 2006; Turner et al., 2003 Turner et al., , 2005 .
ε depends on vegetation type and suboptimal climate conditions, such as water stress. In order to quantify ε, one common approach involves considering optimal light use efficiency (ε 0 ) and including a suitable scalar f with values ranging from 0 to 1 to take account of constraints in climate conditions:
ε 0 values, a key point in LUE models, differ enormously depending on their formulation. For instance, MODIS default values for 11 global biome classes vary from 0.604 to 1.259 g C MJ −1 (Running et al., 2000) , whereas the C-fix model (Veroustraete et al., 2002) considers a universal value of 1.1 g C MJ −1 . Formulating LUE models also depends on how environmental stress constraints, namely f, are determined (Fensholt et al., 2006) . Thus, the MODIS algorithm considers a multiplicative combination of two factors depending on the vapour pressure deficit (D) and T, each ranging from 0 to 1 (Leuning et al., 2005) . The D scalar consideration is based on the fact that high D, typically above 20 hPa, have usually been linked with inducing stomata closure in non-irrigated plants. However, it has also been argued that the constraint imposed by D does not always adequately describe water availability of plants, and several authors (Yuan et al., 2007) have proposed substituting the D factor by the evaporative fraction (EF) defined as:
where (LE) and (H) represent the latent and sensible heat fluxes.
Other models include a third multiplicative factor, e.g., a soil moisture index (Prince and Goward, 1995) or a leaf phenology index (Li et al., 2007; Wang et al., 2010; Xiao et al., 2005) . The general aim of this paper is to present the most relevant results of GPP seasonal evolution over four years in a non-irrigated rotating biodiesel rapeseed crop in the upper Spanish plateau. The reasons for selecting this crop type are: (1) the large increase in cultivated areas in recent years due to the environmental benefits attributed to biodiesel fuels. (2) Biodiesel from rapeseed predominates in Europe, EU25 (Reijnders and Huijbregts, 2008) . In Spain, rapeseed production and the planting surface approximately doubled from 2007 to 2011 (MAGRAMA, 2013) . (3) The rapeseed rotation cycle, which typically extends over four or five years, provides a good opportunity to describe the behaviour of the different crops seeded at the same plot. The rotation cycle presented in this study consists of the non-irrigated annual rotation of rapeseed, wheat, peas and rye. A further contribution the paper makes is that it includes rye, a crop rarely studied.
The specific objectives of this paper are:
(1) To present and compare crop-to-crop seasonal evolution of observed GPP 8-d composites, GPP. (2) To derive both an overall and a crop-to-crop LUE model. Particular attention is devoted to obtaining overall and crop-to-crop ε 0LUE values. (3) To calibrate and assess the accuracy of the FPAR MODIS products using LAI ground-based measurements (LAI) performed during the growing season. (4) To calibrate the GPP 8-d MODIS products overall and crop-tocrop.
Materials and methods

Site description
The experimental site is on the Monte de Rocío agricultural farm, which covers an area of 400 ha, and is located in the centre of the upper Spanish plateau (41 • 46 44.4 N, 4 • 52 19.19 W, 849 m a.m.s.l). The region is semi-arid with a Mediterranean-Continental climate characterized by low temperatures in winter months and warm and dry summers. The overall annual mean rainfall recorded at Villanubla Airport (close to the farm) is 450 mm. The land use of the farm is a mosaic of rotating cereal crops, with wheat and barley predominating. The selected plot covers 36 ha and has its own electrical facilities in the centre, a feature which, combined with the very flat terrain of the area, offered extremely suitable conditions for micrometeorological measurements and hence, for providing robust NEE and GPP results. Agricultural practices at the selected plot applied during the period of measurements, 2008-2011, consisted of annual rotation of non-irrigated rapeseed, wheat, peas and rye crops, respectively. Reduced tillage practices were used which, as already reported (Sánchez et al., 2002) , contribute to reducing CO 2 soil efflux. Soil composition is sandy loam with an organic content between 60 and 65% sand, 20% clay, about 15% silt, and about 3% organic matter.
Eddy covariance and meteorological data
CO 2 and water vapour fluxes were measured using a typical EC system consisting of a Licor 7500 infrared analyzer and a METEK USA-1 sonic. The system operated at 10 Hz and was installed on a mast 3.5 m above the soil. Raw data were dually stored on a data logger and on a PC. These data were transferred daily by remote control to the Faculty of Sciences at the University of Valladolid and processed as 30-min averages. Raw data processing was performed by means of the TK2 software developed by the University of Bayreuth (Mauder and Foken, 2004) . The processing steps included despiking, coordinate rotation, time lag correction, frequency response correction and Webb, Pearman and Leuning correction (Paredes, 2013) . A second mast measuring 2.5 m was installed and equipped with slow response probes, a quantum sensor to measure PAR (LI190Sz, Li-Cor Inc., Lincoln, NE, USA), net solar radiation (model 8110, Ph. Schenk), relative humidity and T (model STH-5031), wind speed and wind direction (wind sentry, model 03002, Young, Campbell Scientific, Inc.). Two soil heat flux plates (HFP01, HukseFlux, Delft, The Netherlands) and one soil moisture (SM) probe (model 6545, type ML2x, ThetaProbe) completed the instrumentation. All these data were continuously recorded on another data logger (Model Meteodata, Geónica), transferred daily by remote control to the Faculty of Sciences and finally processed as 30-min mean values.
NEE measurements commenced at the beginning of March 2008. The slow response meteorological probes were fully operational at the beginning of April in the same year. NEE 30-min diurnal gaps were filled using the Michaelis Menten equations fitted using PAR as input data on a monthly or fortnightly basis, the latter being used during the growing season (GS), from March to June. Nocturnal NEE gaps were filled using the results of the respiration fit equation (see below, Eq. (7)). The large gap, from November 2007 to February 2008, was filled using the results of a linear regression between GPP and concurrent LAI MODIS 8-d composites (see Section 2.4). Most meteorological data gaps from October 2007 to March 2008 were filled using the records from another station located some 10 km from the measuring site, which can be considered representative enough at the plot site due to the flat terrain and homogeneity in the meteorological conditions prevailing in the study area. The exception to this rule was SM and soil flux data, which were not available at the second station. The SM gaps in March 2008 were filled using the results of the linear regression between diurnal SM and diurnal EF obtained by averaging the 30-min concurrent records from April to October. From the relatively satisfactory correlation found between both variables, the determination coefficient R 2 was 64%. Important inaccuracies in the TER calculation in March were neither expected nor detected after a detailed examination of the data set.
Ancillary data (LAI)
Except for peas, concurrent measurements of the canopy height and of the effective LAI evolution were performed during the GS. LAI measurements were carried out using a LAI-2000 (Plant canopy analyzer, Li-Cor) following Licor manual guidelines. Two series of five readings, with a sequence one above the canopy and four below the canopy, were performed in ten plants regularly distributed on a diagonal transect. Measurements were performed during daylight using a 270 • view cap. Readings were processed using the software provided by the manufacturer. Finally, the results obtained in individual plants were averaged each day of measurements. The number of measurements, limited to green canopy phenology, was 20, 7 and 12, for rapeseed, wheat and rye. Whenever several measurements per week were performed, as in the case of rapeseed, LAI 8-d composites concurrent with LAI MODIS were obtained by averaging available ground data.
Remote sensing data
MODIS Terra 8-d products, MOD15 for FPAR MODIS and LAI MODIS and MOD17 for GPP, were loaded from http://reverb.echo.nasa.gov/ during the whole period of study. From all the data extracted, in this paper we used those retrieved in the central pixel. To minimize the impact of noise, each final 8-d composite was obtained by averaging the corresponding data and the two neighbouring 8-d ones. Available MODIS data sets correspond to the V005 collection and have a spatial resolution of 1 km × 1 km. Available MODIS data sets correspond to the V005 collection and have a spatial resolution of 1 km × 1 km. Although the dimension of the pixel is higher than the plot size, minor inaccuracies in the MODIS products used in this paper could be expected due to: (1) its excellent geolocation accuracy, around 50 m (Hashimoto et al., 2012; Wolfe et al., 2002 Wolfe et al., , 2012 and (2) the position of the EC system centred in the plot. This issue is addressed below using the LAI ground measurements performed (see Section 3.5).
Model approach
The methodology used in this paper is shown in the flow chart shown in Fig. 1 . A detailed description is given below.
GPP LUE was computed as follows:
where APAR was determined using FPAR MODIS retrievals and direct ground PAR measurements. In this paper, the stress f factor considered (f LUE ) is the product of two indexes, EF and a factor T s depending on T:
In this paper EF have been computed for H > 0 W m −2 values. Low EF values, usually associated to low moisture are expected to be linked to water stress, and moderate or high values to sufficient water availability. EF can be derived using models based on satellite imagery (Elhag et al., 2011; Lu et al., 2013; Pardo et al., 2014; Venturini et al., 2008; Wang et al., 2006) , which represents an additional advantage for upscaling purposes.
T s index (Yuan et al., 2007 ) is given by:
T is the air temperature and T min , T max , T opt the maximum, minimum and optimum air temperatures for photosynthesis activity. In this study, T min and T max considered were 0 and 36 • C. Negative T min values were set to zero. The T max value corresponds to the maximum 30-min record obtained during the study period ∼36 • C (36.3 • C). For T opt , we followed the same criteria as proposed by Albergel et al. (2010) based on the assumption that maximum efficiency is reached at the same temperature as GPP peaks. The optimum value was 18 • C, a result that is slightly lower than others reported in the literature, which range from 22 • C (Patel et al., 2010) to 20.3 • C (Yuan et al., 2007) for wheat and natural ecosystems, respectively.
GPP were obtained by subtracting direct NEE measurements obtained by the eddy covariance tower and the respiration term, TER:
Since GPP only occurs during daytime, TER was computed using NEE nocturnal 30-min data by means of a modified Van't Hoff equation depending on T, which also takes SM into account:
Both unknowns, a and b, were estimated using the Marquard algorithm for each type of crop during the period March-October. For the remaining months of the year, no distinction was made between crop type, and a similar simplified equation only dependent on T was used. SM was excluded in this case because it did not lead to any improvement in the non-linear fit statistical results.
Nocturnal NEE 30-min observations were filtered using a friction velocity (u*) threshold of 0.15 m s −1 . This threshold was determined using a combination of visual methods based on the analysis of nocturnal NEE statistical results at different u* intervals and the optimization of determination coefficients of non-linear fits (Papale et al., 2006; Reichstein et al., 2005) . Diurnal TER 30-min were computed using nocturnal fitted equations by considering diurnal T or both diurnal T and SM 30-min data depending on the period of the year. 8-d composites were determined by averaging 30-min data in each 8-d time period. For EF 8-d composites (EF) the same procedure was applied. Finally, ε 0LUE was derived through the slope of the linear regression fit of the GPP values against concurrent G APAR estimates.
Statistical analysis
To evaluate the performances of the GPP LUE , GPP MODIS and intercomparison results in general, we used the following metrics in this study:
-The coefficient of determination (R 2 ), which represents how much variation in the observations is explained by the model. -The mean absolute error (MAE). It gives the average magnitude of the errors in a set of forecasts without considering their direction. It is computed by the following equation:
where y i and o i are the simulated and observed values, respectively. -The root-mean-square error (RMSE). This metric, one of the most frequently used, gives the standard deviation of the model simulated error using the following equation:
Since the errors are squared before bring averaged, RMSE gives a relatively high weight to large errors. Table 1 shows the period of seed of each crop type. As derived from this Table, seed time varied and ranged from mid September for rapeseed to late January in the case of peas. Harvest was always in mid July (from 12th to 18th).
Results
The maximum canopy height (h) of rapeseed, wheat and rye was 1.3, 0.6 and 1.6 m respectively, the values being reached at the end of May. Although no measurements were performed in the pea crop, according to the farmer's information the maximum height was approximately 0.45-0.5 m, a typical value for this crop in the upper Spanish plateau. Fig. 2b depicts the rainfall 8-d (RF) and SM 8-d (SM) patterns. RF patterns show the typical seasonal variation in the studied area featured by two peaks, the first in spring, April-May, and the second in autumn-winter, from October to January, depending on the years. RF in summer, July-August and to some extent September, is normally very weak. From the comparison between RF year-to-year patterns, substantial variability is in evidence. 2008 was a "normal" year, with the yearly accumulated rainfall being 447 mm, although it was also the rainiest in the GS (March-June, DOY 57-177), with an accumulated rainfall of 252 mm. 2010 was the rainiest year, with an accumulated yearly rainfall of 517 mm which dropped dramatically to 336 mm in 2009. This latter year was dominated by drought. In the GS, accumulated rainfall dropped to 106 mm in contrast to 2010, 220 mm. 2011 can be considered overall close to a "normal" year but it was dry in the GS, with the accumulated yearly and in the GS rainfall being 426 mm and 161 mm. As expected, year-to-year SM patterns were consistent with those for RF; 2010 exhibited the highest SM records and 2009 the lowest, particularly in spring, with mean annual values being 25.4 and 17.6%, respectively. Extreme SM values ranged from 3.7 to 40.8%. The very low values recorded in mid summer, July-August, and even the first fortnight of September reveal the low soil water availability due to the increased temperature, lack of vegetation after harvest and weak rainfall at the measuring site. Another interesting feature is the similarity in SM and rainfall events. SM peaks tended to occur in phase with RF events. The SM lags occasionally found, e.g., mid September 2008 (DOY 265) and early June 2010 (DOY 153), might be attributed to heavy or moderate rainfall occurring over the last few days of the 8-d composite. The lack of agreement of peaks sometimes found in late spring or summer could be due to the local character of rainfall. One example is mid July, 2009 (DOY 193) , in which rainfall was not measured at Villanubla station, yet when an increase in SM, indicative of rainfall occurrence, was recorded at the measuring site. Fig. 3a depicts the seasonal course of EF measured by EC, T s , and f LUE over the study period. The comparison between the EF year-toyear patterns reveals certain analogies and differences. Among the analogies, the systematic increase in EF during autumn and winter (October-January) is worthy of note, reaching maximum values of 0.6. This behaviour is consistent with the increase in SM resulting from increased rainfall. Abrupt visible peaks, as in the case of SM, tended to occur in phase with rainfall events or with an eight-day delay (see Fig. 2b ). Another common feature was the EF decline during summer, from July to September, dropping by up to around 0.1. These low values are a result of the dramatic decline in LE (values rarely exceeded 60 W m −2 ) and the increase in H (values above 520 W m −2 ).
Meteorological driving variables
Stress indexes
Despite the similarities between EF seasonal patterns in the GS, seasonal EF courses evidenced substantial variability. Rapeseed, the crop with the highest evapotranspiration, showed the greatest EF value, 0.73, as well as a marked seasonal pattern. EF progressively rose from March to early May, reached a plateau until approximately mid June (DOY 169) and then declined sharply. Rye behaved in a similar manner, with the EF peak reaching 0.69, although the decline was earlier, and occurred in mid May (DOY 129). Differences in the seasonal shape of both crops are in agreement with prevailing environmental conditions, especially rainfall, as well as their different architecture and phenology. Although both crops grew under well-watered conditions, May 2008 was the rainiest month, with a rainfall of 130 mm, whereas May 2011 was significantly drier, with rainfall being 23 mm. The higher and lower accumulated rainfall during the rapeseed and rye growing period, might have contributed to significantly delaying and bringing forward the senescence period, respectively. Rapeseed commenced the flowering period in early April, pod formation started in early June, and senescence was clearly visible in late June. From late February to late June, T s values ranged from 0.7 to 1, most data being close to 1, leading to a great similarity between EF and f LUE patterns. Similar results were obtained in summer and autumn. The lowest T s values were reached in winter, dropping by up to 0.2-0.3. These results suggest that the T s stress index has no significant impact on GPP most of the time, except in winter, a period in which GPP reaches the minimum values (see below).
FPAR MODIS retrievals
The FPAR MODIS patterns depicted in Fig. 3b followed the expected seasonal evolution consistent with growing. FPAR MODIS progressively increased from late February, peaked in May and then began to decline, reaching minimum values in central summer and winter. Despite the similarities in the year-to-year patterns, some differences in magnitude and shape can be distinguished. Rapeseed exhibited the greatest FPAR MODIS value, 0.68, as well as amplitude, with a plateau spreading over April-May and early June. As mentioned above, the plateau corresponded to flowering and the initial stage of pod formation. Despite the weak FPAR MODIS seasonal amplitude, peas behaved in a similar manner, with a plateau lasting approximately three months, from mid April to late June (DOY 97-176). Peas exhibited the lowest FPAR MODIS peak, 0.40, and values remained relatively high, close to 0.23, in most of July. The shape of these seasonal courses contrasts with those corresponding to wheat and rye. In both cases, FPAR MODIS also showed a progressive increase followed by a decline although no significant plateau was observed. As in the two preceding crops, maximum values, 0.45 and 0.55, were reached in mid May. The comparison between year-to-year patterns reveals that MODIS satisfactorily reflected the main features of the crops as well as the expected FPAR MODIS decline in 2009 that affected wheat due to the drought as compared with rapeseed and rye. The contrast between FPAR MODIS of rapeseed and peas is an evident example consistent with the different architecture of both crops.
GPP, LUE model results
The crop-to-crop GPP seasonal pattern is depicted in Fig. 3c . GPP rose from March to May and then declined sharply, reaching minimum values in central summer and winter. Rapeseed, pea and rye GPP peaks, 110, 56 and 110 g C m −2 8-d respectively, occurred in mid May (DOY 129), late May (DOY 145) and early May (DOY 121) whereas in the case of wheat, the peak, 53 g C m −2 8-d, was earlier, in mid to late April (DOY 113). The different crops again showed certain differences in seasonal cycle amplitude. Rapeseed and rye presented the broadest seasonal cycle, spanning from March to mid-early July, 143 days (DOY 57-200) and 135 days , respectively, whereas wheat and peas exhibited shorter seasonal cycles, 123 and 104 days, from late February to late June (DOY 41-184) and from early April to early July, , respectively. Annual accumulated GPP was 1680, 710, 730 and 1410 g C m −2 for rapeseed, wheat, peas and rye. As pointed out earlier, ε 0LUE was derived through the slope of a linear regression fit between the GPP and G APAR results as defined in Eq. (3). Fig. 4 shows the results of the linear fit. Coloured symbols, red, green, pink and blue, correspond to rapeseed, wheat, peas and rye, with the bold black line corresponding to the overall fit. Table 2 summarizes the parameter estimates overall and for each individual crop, the intercept (a), the slope (ε 0 ), R 2 , MAE, and RMSE. Overall, R 2 yielded 86.1%, the intercept was close to zero, 2.75 g C m −2 8-d, and the slope, ε 0LUE , 3.33 ± 0.10 g C MJ −1 . Crop-to-crop results also proved satisfactory, with R 2 ranging from 90.8 to 77.8% for rapeseed and wheat, respectively. The ε 0LUE extreme values obtained were 3.95 ± 0.19 g C MJ −1 for rye, and 2.74 ± 0.17 g C MJ −1 for peas, respectively. ε 0LUE for rapeseed and wheat yielded intermediate values of 2.92 ± 0.18 and 2.86 ± 0.23 g C MJ −1 , respectively.
The comparison between the GPP and GPP LUE results plotted in Fig. 3c illustrates the general good agreement of the modelled results. However, from this figure certain discrepancies between both temporal series in GS are evident, especially in April. Most of these and, in particular, underestimation of the modelled results, occurred under partly cloudy 8-d days, shown as black dots in this figure. In this study, partly cloudy days were visually identified by observation in significant PAR anomalies compared to the maximum values recorded during GS at each corresponding month of the year. During these days, PAR declined leading to a decrease in GPP LUE as a result of its direct influence on LUE model formulation in contrast to GPP which remained significantly higher. The GPP LUE underestimation obtained suggests that the light use efficiency, ε, on partly cloudy days tends to increase compared to that on clear days, a result which concurs with others reported (King et al., 2011; Sims et al., 2005) .
Calibration of FPAR MODIS using LAI ground measurements
GPP seasonal evolution at our measuring site was regulated by EF, the major stress factor, and FPAR. Both variables correlated well with GPP/PAR during the GS (R 2 = 71.2%), EF and FPAR MODIS accounting for 49.9 and 61.1% of the variance of the linear fit, thus indicating their joint contribution to GPP seasonal evolution. Hence, bias in EF or FPAR might be considered as an important error source of GPP estimates. Based on the satisfactory closure of energy balance, 93% (Pardo et al., 2015) , bias in EF is not expected to lead to any significant error in GPP. Regarding FPAR, MODIS captured seasonal and inter-annual variations of each crop type reasonably well, retrievals proving consistent with their architecture and water stress. However, underestimation or overestimation of FPAR, the major driver of GPP at our measuring site, causes the opposite effects on ε 0. In an attempt to analyse possible FPAR MODIS inaccuracies and their influence on ε 0 , as pointed out earlier (see Section 2.4), we used the ground measurements performed at the plot as a support. The procedure followed is described below.
FPAR direct measurements are usually sparse. An alternative is to estimate FPAR on NDVI (Sims et al., 2005) . Another commonly used approach is to derive FPAR from direct measurements of LAI using the Lambert-Beer equation:
where K is the light extinction coefficient. As stated earlier, LAI measurements were regularly performed during the GS covering the main phenological stages of rapeseed and rye. In the case of peas, no measurements were conducted, and for wheat the number of measurements was primarily limited to May. These data enable us to perform an inter-comparison exercise between concurrent LAI and LAI MODIS products. The results of the linear regression of LAI versus the LAI MODIS composites are depicted in Fig. 5 . The black line shows the linear fit for the three crops, Since the intercept of the fit was close to zero, the slope, 1.334, directly accounts for MODIS underestimation. R 2 of the linear fit was moderately satisfactory, 67.6%, the greater deviations being for rye. Based on this finding, the FPAR MODIS composites were re-computed using Eq. (10) as follows: (1) the K parameter of FPAR MODIS was fitted using the LAI MODIS composites retrieved in the central pixel. The K parameter estimates yielded 0.69 ± 0.02 (R 2 = 86.9%), a value in the range of other reported results (Atwell et al., 1999; O'Connell et al., 2004) . This approach allows the original FPAR MODIS computed with a robust algorithm to be preserved, deriving the K values by using the Lambert-Beer equation. (2) A new FPAR 8-d temporal series (FPAR RMODIS ) was re-computed using the product of K parameter estimates by the re-computed LAI MODIS retrievals (LAI MODIS retrievals multiplied by 1.334). Due to limited ground data, no distinction between crops was made. Hence, the new FPAR temporal series (FPAR RMODIS ) should be considered as a calibration of the MODIS results at the central pixel based on ground LAI observations over the whole period studied. As expected, the re-computed FPAR RMODIS series (see Fig. 1 ) exhibited a strong correlation with the original temporal series, R 2 = 88.2%, although it obviously yielded higher values, which were higher by an average factor of 1.23, leading to the subsequent decline in ε 0 values (ε 0N ) obtained with the LUE model using FPAR RMODIS derived from LAI ground measurements, 2.57 ± 0.09 g C MJ −1 (R 2 = 83.2%). The results of the linear fits, overall and for each individual crop, namely, the intercept a, the slope ε 0N , R 2 , MAE and RMSE are shown in Table 2 . Crop-to-crop re-computed FPAR RMODIS series yielded ε 0N values of 2.41 ± 0.14 g C MJ −1 (R 2 = 90.5%), 1.99 ± 0.18 g C MJ −1 (R 2 = 72.7%), 1.99 ± 0.11 g C MJ −1 (R 2 = 87.7%) and 3.05 ± 0.19 g C MJ −1 (R 2 = 85.9%) for rapeseed, wheat, peas and rye, respectively. The linear fit of these values versus the canopy height depicted in Fig. 6 , was statistically significant at 95% significance level.
3.6. Inter-comparison between GPP and GPP MODIS retrievals ε 0MODIS was derived through inter-comparison between GPP and GPP AMODIS concurrent 8-d composites (see Fig. 1 ), defined here as the GPP 8-d MODIS retrievals divided by the ε 0 value originally prescribed for crops in the MODIS look-up Table, 0.604 g C MJ −1 (Running et al., 2000) . Fig. 7 depicts the results of the linear fit of GPP versus GPP AMODIS . Coloured symbols, red, green, pink and blue, correspond to rapeseed, wheat, peas and rye, and the bold black line corresponds to the overall fit. Therefore, the slope of the linear fit accounts for the ε 0MODIS values based on validation results at our measuring site without any prior assumption of prescribed values. The results of the overall and individual crop-to-crop linear fits are shown in Table 2 . Overall, the fit proved moderately satisfactory, R 2 = 71.7%, with the intercept being close to zero, −3.21 g C m −2 8-d, and the slope, namely ε 0MODIS , 2.13 ± 0.10 g C MJ −1 . Crop-to-crop results showed a strong correlation for rapeseed, R 2 = 89.8%, ε 0 = 2.41 ± 0.12 g C MJ −1 , and peas, R 2 = 85.9%, ε 0 = 1.75 ± 0.11 g C MJ −1 in contrast to rye, R 2 = 66.5%, ε 0 = 2.30 ± 0.25 and wheat, R 2 = 55.5%, ε 0 = 1.28 ± 0.17 g C MJ −1 , for which the worst results were obtained. The comparison between the statistics shown in Table 2 reveals the better accuracy of the LUE model against the MODIS estimates overall. The first point worthy of note is the higher scatter of GPP MODIS (ε 0MODIS × GPP AMODIS ) against GPP as compared with those obtained for GPP LUE modelled results (see Fig. 3c ). This conclusion is also derived through the values of all the statistics, a lower R 2 , and a higher MAE and RMSE. The second point worth noting is the GPP MODIS overestimation during summer, from July to September, a period of time during which GPP MODIS is significantly higher than GPP (see Fig. 3c ). As the LUE model and MODIS results have the same APAR, the differences found depend on the stress factors considered in each formulation, f LUE (EF T s ) in this study and f MODIS (D T). The main conclusion to be drawn from the preceding results is that the f LUE considered here describes the GPP seasonal variation more realistically than f MODIS does. This is particularly true in summer when EF and SM drop dramatically to values as low as 0.1 and less than 5%, respectively. It should also be noted that the best linear fits between GPP and GPP MODIS corresponded to rapeseed and peas, the two well-watered crops, the worst fits being for wheat affected by drought.
Discussion of the results
GPP
The comparative analysis of the GPP patterns of each crop stresses the influence of the architecture, phenology and climatic conditions. The highest GPP values were obtained for crops with a denser and greater canopy height, rapeseed, 1.3 m, and rye, 1.6 m, which also exhibited the longest seasonal cycle, lasting around 143 and 135 days. The wider seasonal cycle of rapeseed could be attributed to the more temperate climatic conditions from mid May to mid June, 2008, T being 3.6 • C lower than in 2011, and to the higher accumulated rainfall, 80 mm against 50 mm.
Rapeseed, peas and, in part, rye grew under well-watered conditions at the measuring site, accumulated rainfall during GS being 252, 220 and 161 mm, respectively. Conversely, wheat growing was affected by water stress, with rainfall in the GS dropping to 106 mm. The influence of drought contributed greatly to an early GPP peak, which occurred in late April, and to reducing the maximum height of the canopy, which under well-watered conditions is usually 0.7-0.8 m. Differences in the emergence and growing phenological stages in the case of peas, the crop seeded latest, in January, also explain the delay in the seasonal cycle, from April to late June.
Annual rapeseed and rye GPPs, 1680 and 1410 g C m −2 , respectively were rather high compared to other results reported for winter crops including rapeseed (Béziat et al., 2009) . In particular, the annual rapeseed GPP obtained in this study, a C3 plant, was comparable to C4 species, like corn, featured by higher light use efficiency and biomass production (Zhu et al., 2010) . Reported annual GPP values for corn are 2 789-1171 g C m −2 (Yan et al., 2009) , and 1567 g C m −2 . The annual GPP of rye, although also high, is in the range of other results published, 744-2097 g C m −2 (Koizumi et al., 1990) . 2 The same occurred in the case of wheat and peas, 710 and 730 g C m −2 , both values being in the range similar to those reported for crops . In the case of peas, the annual GPP obtained in this study, 730 g C m −2 was lower than reported results of irrigated peas ∼1014-1180 g C m −2 (Giunta et al., 2009) 2 and in the range of some similar legumes, e.g., chickpea, under and without water stress (Tesfaye et al., 2006) The dramatic decline in 2005 proves the significant impact of droughts on GPP and therefore on crop inability to sequester CO 2 . This result emphasises the adverse consequences of climate change on crop production which might take place in future years due to the increase in temperature foreseen by the IPCC (2007, 2013) . Rapeseed, wheat, pea and rye accumulated GPP in GS was 1220, 550, 520 and 1130 g C m −2 . Despite the large differences found between the different crops, the contribution of the GS to the annuals was rather conservative, and accounted for 72.4, 77.2, 71.2 and 80.4% for the same crops.
The LUE model applied has properly fitted overall GPP (R 2 = 86.1%) as well as crop-to-crop (R 2 ranged from 90.8 to 77.8%), showing a significant improvement compared to concurrent GPP MODIS products (R 2 = 71.7%). The main GPP MODIS inaccuracies have primarily been attributed to differences in the defined stress factor, f MODIS on D and T with respect to f LUE on EF and T s used in this study. GPP exhibited a satisfactory correlation with f LUE in GS, R 2 = 59.7% proving its suitability to describe water availability in contrast with the weak correlation found when f MODIS is considered, R 2 = 12.4%. This result, together with the better linear fits of GPP versus GPP MODIS obtained for crops less affected by environmental stress, rapeseed and peas, supports the interpretation given.
Maximum light use efficiency
Despite the abundant literature existing on ε values for different crop type, comparisons of our results with others reported are difficult given the different experimental methods used for NPP or GPP estimates and units used by authors. Thus, in some of the many field experiments based on NPP measurements, either total or above ground biomass production, results are expressed in g DM MJ −1 of dry matter, DM, whereas in others, e.g., eddy correlation measurements, results are expressed in g C MJ −1 absorbed by photosynthesis uptake. For unit conversion here, we use a similar approach to that reported by Lobell et al. (2002) :
where F is the conversion unit of g DM to g C and S the carbon production. In this study, we considered F to be equal to 0.47. S was considered 1 or 0.8 depending on the reported values, namely, total or above ground carbon, respectively. Whenever no information was found, we assumed S = 1. Finally, conversion to ε GPP was performed:
where R is the NPP:GPP ratio, considered here to be 0.55, the average value of those reported for crops (Aubinet et al., 2009; Beer et al., 2010; King et al., 2011; Moureaux et al., 2008 ). An additional remark concerns solar radiation. Here, we normalize all results to PAR MJ −1 . Results expressed as a function of solar radiation (SR) were converted to PAR by dividing SR by 2. Finally, it should also be highlighted that a number of ε results reported based on biomass measurements were obtained under the climate conditions driving field experiments, meaning they may have been affected by water stress. In fact, the influence of an increase in D on subsequent ε decline is discussed by Kemanian et al. (2004) . As a result, such comparisons with our results should be treated with caution. In contrast, results may be better compared when LUE models are applied to GPP or NPP results from EC fluxes, since they usually include stress factors in their formulation and, hence, report ε 0 .
The ε 0LUE value obtained in this study, 3.33 g C MJ −1 , is in the range of those reported for the crops studied, ranging from 1.61 to 3.60 g C MJ −1 (Akmal and Janssens, 2004; Lobell et al., 2002) . Although various studies have shown that different crops have differing ε 0 values Turner et al., 2006) , the results published for a specific crop also present significant variability. For wheat, they range from 1.92 to 3.42 g C MJ −1 (García et al., 1988; Lobell et al., 2002; Muurinen and Peltonen-Sainio, 2006; O'Connell et al., 2004) . Reported values for peas range from 1.52 to 2.11 g C MJ −1 (Giunta et al., 2009; Lecoeur and Ney, 2003; Worku and Demisie, 2012) . For canola and rapeseed, the values are 2.16 and 2.05, g C MJ −1 , respectively (Justes et al., 2000; Soetedjo et al., 1998) , and for rye they range from 2.04 to 3.60 g C MJ −1 (Akmal and Janssens, 2004) . The significant differences reported might be attributed to many factors, such as irrigation, climate conditions, rotation schemes and agricultural management practices. Our results are in agreement with the variability observed for a specific crop and crop-to-crop, ε 0LUE ranging from 2.74 to 3.95 g C MJ −1 for peas and rye, respectively, the larger values tending to be associated to crops with denser and taller canopies, rapeseed and rye. In dense canopies, more leaves are shaded and operate in the linear portion of the light response curve increasing the ε of the canopy as a whole. Conversely, in sparse canopies most leaves experience a similar light regimen, resulting in a decline in ε. It is also usually assumed that erect canopies of tall species, rye being one clear example, absorb incident radiation very efficiently without starving the shaded component optimal levels of transmitted radiation (Yahuza, 2011) .
The accuracy of the FPAR MODIS , a major driver of GPP at our measuring site, has been examined through the comparison with the original retrievals and recomputed FPAR RMODIS derived from LAI ground measurements. The results have shown the underestimation of FPAR MODIS by an average factor of 1.23, leading to the subsequent decline in the ε 0N values obtained by the LUE model, overall and crop-to crop. The recomputed crop-to-crop ε 0N results were correlated with the height of crops, thus indicating the dependence of canopy height and architecture, the greater the values, the denser and taller the canopies and conversely.
Another interesting result concerns the different magnitude of ε 0LUE and ε 0MODIS , overall, 3.33 and 2.13 g C MJ −1 , respectively. ε 0LUE :ε 0MODIS ratio was 1.56 overall and varied, depending on crop type, the values being 1.21, 2.23, 1.57 and 1.72 for rapeseed, wheat, peas and rye, respectively, the lower the ratios the better the watered conditions prevailing in GS (rapeseed and peas) and conversely, the greater the ratios the worse the watered conditions (wheat). Indeed, ε 0LUE :ε 0MODIS was inversely proportional to the f LUE :f MODIS , 0.69 on average (the ratio was computed using the overall individual 8-d composites data). This result highlights the important role in the f formulation included in the LUE model on ε 0 results.
Conclusions
We present the most salient results of GPP seasonal evolution observed and modelled for a biofuel crop in the Spanish Plateau, consisting of annual rotation of non-irrigated rapeseed, wheat, peas and rye. The influence of crop architecture, phenology and climatic conditions dominated crop-to-crop seasonal evolution of EF, FPAR MODIS and GPP. Higher GPP were obtained for denser and higher canopy height crops, rapeseed and rye. Both exhibited a marked EF seasonal variation driven by evapotranspiration, higher FPAR peaks and longer seasonal cycles. Rapeseed and rye also yielded high GPP annuals, almost comparable to C4 plants.
The LUE model applied to derive GPP provided satisfactory overall and crop-to-crop. The ε 0LUE varied depending on crop type, with higher values tending to be linked to higher density and canopy height. Although MODIS captured crop-to-crop FPAR MODIS seasonal evolution quite well, it tended to underestimate derived ground based FPAR by a factor close to 1.2. Indeed, observed underestimation led to the opposite effects on ε 0N in a similar ratio. These new values were linearly related with canopy height, with the linear fit being statistically significant at 95% significance level. However, this conclusion should be treated with caution given the limited data available, four years. Additional measurements with variable canopy heights are required to confirm whether or not this conclusion is maintained.
GPP MODIS calibrated products provided satisfactory results for well-watered crops. The less accurate results under water stress, which were particularly noticeable for wheat and in summer, have been attributed to differences in the formulation of f MODIS versus f LUE considered in this study. In particular, f LUE on EF provided a better description of the environmental stress conditions than f MODIS on D at our measuring site. Despite the less accurate GPP MODIS compared to the results obtained with the LUE model, inter-comparison results with GPP evidence the satisfactory potential of MODIS to routinely quantify GPP of crops. Improving current GPP MODIS retrievals could likely be achieved by updating the original lookup-table and including crop type discrimination.
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